Using robotic systems to assist with sophisticated medical interventions such as aortic valve replacement under beating heart conditions necessitates the development of dexterous manipulators to ensure a safe and reliable operation. These mechanisms should not only be capable of tracking the desired trajectories with a high level of accuracy but also need to cope with strict medical constraints such as environment compatibility, patient safety and compactness. In this paper, we propose to design and experimentally qualify a robotic platform that takes into account the aforementioned requirements. Benefiting from the features of a parallel architecture, this four degrees of freedom (DOF) magnetic resonance imaging (MRI)-compatible patient-mounted and cable-driven manipulator (ROBOCATHETER) seeks to steer cardiac catheters under beating heart condition, while suitably addressing the deficiencies that currently used manipulators vastly suffer from. In addition to the detailed description of the robot design and its dedicated power transmission system, we also present the derivation of the robot's forward and inverse kinematic equations. The control algorithm implemented for the system actuation is a varying-gain proportional-integral-derivative (PID) controller, whose tracking performance will be examined.
Introduction and Motivation for This Work
Design and experimental validation of robotic manipulatorbased platforms to assist with MRI-guided surgical procedures have been examined over the past decade. These procedures cover a wide range of operations from neurosurgery [1] to prostate needle placement [2] . Recently, trans-apical approach for performing beating-heart interventions has attracted the attention of many researchers. This approach significantly reduces the side effects in cardiopulmonary bypass procedures and results in a faster patient recovery [3] . The results of using an MRI-guided robotic system for trans-apical aortic valve implantation under beating-heart condition are reported in Ref. [4] . Later, this system was integrated with a novel pneumatically actuated valve delivery module and its performance was evaluated through ex-vivo experiments in Ref. [5] . In a parallel study, a conceptual system design aimed for robot assisted MRI-guided aortic valve replacement was proposed in Ref. [6] . Focusing on beating-heart procedures, the authors in latter studies proposed to use MRI for guiding robotic manipulators in sophisticated heart surgeries. The objective of the present study is to propose an MRI-compatible robotic platform that can assist with aortic valve implantation under beating-heart conditions. To accomplish this goal as described in Ref. [6] and depicted in Fig. 1 , if the catheter passes through the apex and the steering point, the aorta would be accessible simply by bending the proximal part of the tool. The insertion and bending part is handled by another mechanism, whose description and functionality is not within the scope of this paper. The interested reader is referred to Ref. [7] for the design and analysis of this module. The current platform objective is to sought to steer the catheter such that it would passes through the apex and steering point.
Considering the existing challenges in the design and operation of the aforementioned systems, the proposed mechanism is aimed to improve the quality of such robotic procedure. To make the actuation system MRI-compatible, several solutions have been proposed in the literature. Manual actuation [8] , use of hydraulic cylinders [9] , and utilizing pneumatic systems as the source of actuation [10] are some of the alternatives for magnetic motors for this purpose. Some of the major drawbacks of implementing these methods include lack of precise navigation, fluid leakage in cylinders and limited stiffness of motors as the consequence of air compressibility [11] . Most of the recent MRI-compatible actuation systems utilize piezoelectric motors, in which motion is produced through the vibration of piezoelectric ceramics. Although these motors are magnet-free, image artifacts are observed due to the high frequency electric currents [12] . To avoid the aforementioned issues, in this study, we use conventional electric motors and place them far from the sensitive areas to make ROBOCATHETER fully MRI-compatible. In order to transfer the generated torque to the robot's joints, a cable transmission system is proposed and implemented. The proposed system configuration allows each link to be actuated in both directions only by reversing the rotation in the corresponding motors.
While the design and qualification of patient-mounted robotic platforms for MRI-guided interventions have been previously examined for applications such as percutaneous needle placement [13] , to the best of our knowledge, no such system has been so far introduced for intracardiac interventions in the literature.
Mounting the platform on the patient not only helps the system cope with relative chest motion with respect to the fixed frames but also achieves compactness of the design. This is accomplished by restricting the platform size and eliminating the need of large links stretching from the patient's chest to the manipulator base outside the MRI bore. In this paper, we first describe the proposed design of the mechanism and the transmission system. Then, we present the derivation of the forward kinematics of the manipulator, as well as the inverse kinematic equations to allow for tracking of any arbitrary trajectories inside the workspace (in our case left ventricle (LV)). This section is followed by the development of an experimental test bed to examine the actuation of all the DOF associated with the manipulator by utilizing four DC motors controlled using a variable-gain PID controller. The results demonstrate the successful trajectory tracking of ROBOCATHETER which is essential to successfully perform aortic valve implantation procedure. Our other studies of ROBOCATHETER are as follows. The design and control of a haptic device for teleoperation of the catheter was investigated in Ref. [14] . The actuation of the platform using stepper motors was investigated [15] . In Ref. [16] , ROBOCATHETER was used in a master-slave configuration. In Ref. [17] , a model-based control of the system was studied, using a gain-scheduling approach.
Design of the Platform
In this section, we describe the details involved in the design and actuation of ROBOCATHETER. The objective is to design a mechanism that allows in-plane positioning and orientation of the catheter's tip, which necessitates the development of a 5-DOF manipulator. However, since the end effector is axisymmetric, one DOF could be omitted leading to a 4-DOF mechanism. The proposed design is partly inspired by earlier works in Refs. [18, 19] . To further enhance the performance of these systems and to develop a robotic platform that is highly-customized for an operation such as aortic valve implantation, the proposed platform has a cylindrical structure and uses journal bearings in the rotational motion to reduce friction. It also employs a cable-driven force transmission system to make the actuation system MRI compatible. Furthermore, it is patient-mounted and the size of the platform allows its use in MRI scanner bore. Finally, the design helps to further customize the platform to properly match the kinematic requirements discussed earlier.
Mechanism Design.
The detailed mechanical design of ROBOCATHETER is depicted in Fig. 2 . Two identical cylindrical mechanisms interconnected vertically form the basic architecture of the robot. Each subsystem consists of a fixed outer ring and a rotating inner ring. The outer cylinder is attached to the casing and hence forms the platform base. A radial bearing at the bottom section of each level makes it possible for the inner rings to rotate with respect to the base. The remaining two DOFs generate the linear motion for the two carriers sliding over the guide bars. The aforedescribed rotational motions along with the two prismatic DOFs form the desired four active DOFs expected from the mechanism. Each carrier has a universal joint at its center that acts like a liaison between the platform and the catheter. These passively actuated universal joints can eventually place the catheter in any desired orientations. While the distance between the catheter's tip and the lower universal joint is kept constant, the distal end of the catheter is left to move freely with respect to the upper joint.
2.2 Actuation System Design. Placement of the actuators outside the MRI scanner area enables the employment of conventional electric motors to drive the robot joints. However, this arrangement necessitates the development of a power transmission system that allows the remote control of the platform. The transmission system is composed of two closed chains of plastic ropes for each level of the platform. Figure 3 demonstrates the transmission system for one of the levels. Here, r indicates the position of the carrier and h is the angle of rotation of the ring, with the positive direction shown in Fig. 3 . In this configuration, the closed chains numbered 1 and 2 correspond to linear and rotational DOFs, respectively. These chains transmit the power from the DC motors (numbered 5 and 6) to the corresponding connection points on the mechanism (numbered 3 and 4). Different sets of pulleys considered in between (e.g., number 9) not only guide Transactions of the ASME the cables to pass the desired paths (e.g., numbers 7 and 8) but also significantly reduce friction. It is noted that when the inner ring rotates due to the actuation of motor 6, there is no relative motion between cable 2 and the ring, and hence no friction is created. However, a relative motion between cable 1 and the inner ring occurs when the carrier is actuated by motor 5 or when the ring rotates. Therefore, the movement of this cable is subjected to the friction force. This is the reason why in Fig. 3 the pulleys are arranged only along a semicircle. In order to perform the catheter positioning task, the position of the carriers at each level, that is, the rotation angle of the rotating ring and the displacement of the carrier in the corresponding coordinate system are required. To achieve this, we equipped the motors with encoders attached directly to the motor shafts. Referring to Fig. 3 , the encoder attached to motor 6 determines the angle of rotation to be h ¼ ðR 0 =RÞh 6 , where R 0 is the radius of the pulley, R is the radius of the rotating ring and h 6 is the angle of the motor shaft 6 obtained from the encoder data. In addition, the encoder attached to the shaft of motor 5, is used to determine the position of the carrier, i.e., r. Prior to the description of the associated equation, the coupling effect between the two DOFs needs to be investigated. To describe this coupling, we assume in Fig. 3 that motor 5 is locked and that motor 6 rotates counter clockwise. Consequently, cable 1 remains motionless but cable 2 pulls point 4 and rotates the ring. The rotation reduces the tension in cable 1 between point 3 and pulley 8, while the other portion of the cable is tightened. As a result, the carrier tends to move away from pulley 8 as if motor 5 rotated clockwise. The length of dislocation is equal to r ¼ ÀR 0 h 6 . Therefore, the encoder signal from motor 5 should be modified to yield the correct displacement of the carrier. The displacement of the carrier in the corresponding coordinate system is calculated to be r ¼ R 0 h 5 À R 0 h 6 , where h 5 is the angle of motor shaft 5.
Kinematic Equations
In this section, we develop the forward and inverse kinematic equations of the proposed parallel architecture.
Forward Kinematics of the Parallel Platform.
To derive the equations corresponding to the forward kinematics of the proposed mechanism, four different frames as depicted in Fig. 4 are defined: (1) base frame fBg which is fixed in the universal coordinate system and its Z-axis is in vertical direction, (2) lower frame fLg which is attached to the center point of the lower cylinder with its Z-axis being along the vertical direction and the X-axis coinciding with the lower level linear direction, (3) upper frame fUg which is the same as the lower frame except that it is placed at the center point of the upper cylinder with its X-axis being along the upper sliding bar's center line, and (4) end effector base fEg which is attached to the catheter's center of mass with its Z-axis being along the catheter long axis. In addition to the aforementioned frames, there are two additional frames fUEg and fLEg that have the same orientation as fUg and fLg do but are attached to the universal joint's center points in the upper and lower levels, respectively. For each coordinate system, e.g., fBg, we denote the unit vectors indicating principal directions bŷ X B ;Ŷ B , andẐ B . In addition, B P u and B P l are two position vectors described in frame fBg (left superscript B) that point to the location of catheter carriers in upper (subscript u) and lower (subscript l) levels, respectively. By taking advantage of the relationship between them, the forward kinematics of the system can be described as follows: Fig. 4 The coordinate system used in deriving the kinematic equations 
where B U R is a mapping that represents the rotation of fUg relative to fBg and B T UORG is a vector that represents the origin of frame fUg relative to fBg. From Eq. (1), we have
where k:k indicates the Euclidean norm of a vector, h u represents the rotation of the upper cylinder about vertical axis and p is the distance between the carrier and the upper cylinder's center point, where fUg is attached. These joint parameters will be actively controlled when the catheter is manipulated. An alternative way to locate the upper tool holder is through the end-effector frame fEg using
where B E R represents the orientation of the catheter, E P u is the upper holder position vector in fEg and B T EORG is the vector that describes the origin of frame fEg relative to fBg. Substituting for E P u and B T EORG , results in
where h l and q play the same role as h u and p in Eq. (2) except that they are related to the lower level of the platform. In addition, in Eq. (4), l is the length of the catheter between the lower and upper holders that may change with time and B T LORG represents the origin of frame fLg relative to fBg. From Eqs. (2) and (4), we have
where h ¼ k B T UORG k À k B T LORG k is the vertical distance between the upper and lower cylinders. Since any 3 Â 3 rotation matrix can be described by three independent parameters, (5) contains four unknowns including B E R and l. Since the catheter does not rotate about its long axis, it only has two rotational DOFs. By choosing a proper representation of its orientation, the number of unknowns Substituting Eq. (6) in Eq. (5) for
Solving the above equations results in the orientation parameters as
We denote the apex and steering point shown in Fig. 4 by B P a ¼ ½x a ; y a ; z a T and B P s ¼ ½x s ; y s ; z s T . Since the apex and the steering point are in-plane positions of two arbitrarily chosen X-Y planes, among the six parameters of B P a and B P s , z a and z s can be assumed to be known. By describing the four remaining parameters in terms of joint-space parameters, the forward kinematics of the robot is obtained. Starting with the apex we have
Àcasb sa cacb 
where the scalar m ¼ ðz a À k B T LORG kÞ=ðcos a cos bÞ. Substituting for a and b from Eq. (8), we obtain
Substituting z a with z s in Eq. (10), the parameters of the steering point B P s , that is, x s and y s are determined. These four in-plane coordinates, as well as the known parameters z a and z s provide the forward kinematics of the manipulator.
Inverse Kinematics of the Parallel Architecture.
The primary objective in obtaining the inverse kinematics of any robotic platform is to relate the task space with the joint space. This enables the controller to position and orient the end effector by adjusting the joint parameters. To obtain the inverse kinematic equations for the proposed platform, the frame fEg attached to the end effector is described based on the positions of the apex B P a and steering point B P s . These target points are illustrated in Fig. 4 . The principle direction of fEg is defined to be
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To obtain the joint parameters h l and q, the above equations along with the position of the mentioned pair of tracking points are utilized as follows:
where n is the distance between the steering point and the lower career along the end effector. The dot product of Eq. (12) withẐ B results in
Since it is more convenient to express the location of the apex and steering point with respect to a physical reference, it is assumed that the origin of the base frame coincides with the center of the lower level which results in B P l ÁẐ B ¼ 0, and hence n ¼ Àð B P s ÁẐ B Þ=ðẐ E ÁẐ B Þ. SubstitutingẐ E from Eq. (11) into Eq. (12) with further simplifications result in
using the fact that a Â ðb Â cÞ ¼ bða Á cÞ À cða Á bÞ. Knowing B P l , the lower level joint parameters are
Similarly for h u and p, we obtain
3.3 Singularity Analysis. Singular points are those of task space for which there is no unique solution to the joint parameters to obtain a desired velocity. In order to determine the singular points, we first find the Jacobian matrix which defines a linear mapping between the vector of joint velocities and the vector of end-effector velocities, that is _
The set of those parameters for which the matrix J becomes rankdeficient represents singularity. From Eq. (10), the elements of Jacobian matrix is expressed as
and J 31 , J 32 , J 33 , J 34 and J 41 , J 42 , J 43 , J 44 are obtained by substituting z a with z s in Eq. (17), respectively. It is apparent that for q ¼ 0, second column of J becomes zero and its rank decreases. Similarly, for p ¼ 0, the forth column is zero and reduces the rank of J. Thus, singularity takes place when a carrier passes through the center of the corresponding ring, wherein there are infinitely many solutions to the angular joint parameters. To examine if there are any other combinations of joint values resulting in work space singularity, a numerical analysis can be conducted. to this end, we first grid the joint space and then calculate the least singular value of the Jacobian matrix, namely rðJÞ. At each point where this quantity is zero, the rank of the Jacobian matrix is not full and that position denotes a singularity. Since we have four parameters, namely p, q, h l , and h u , in order to demonstrate this analysis, we plot rðJÞ with respect to p and q while at each point a 2D search over h l and h u has completed. Figure 5 shows the numerical result and indicates that only for p ¼ 0 or q ¼ 0 singularity happens.
Experimental Result
Figure 6 (left) shows the experimental setup built to evaluate the system performance. Figure 6 (top-right) is the designed mechanism to adjust the tension in the platform. In this mechanism, there are two sets of fixed and mobile pulleys for each level. The latter one slides through a slot to loosen or tighten the nylon cable so that the appropriate tension can be achieved. Figure 6 (bottom-right) shows the mounting of the DC motor in this platform. In this setup, we use four DC motors to fully actuate the platform. The shafts of the motors are attached to the pulleys by means of couplers. The cables are wrapped around the pulleys twice to avoid slippage. DC motor encoders are utilized to measure the position of the shafts. In this setup, we use dSPACE as real-time control and data acquisition system. We consider residual masses added on the distal end of the catheter to examine the performance of the controlled system in the presence of additional weights on top of the catheter. This weights represent a module that will be later used to insert the catheter inside the left ventricle and to handle the bending section. The cables used are nylon fishing lines, 1 mm in diameter and with Young modulus of 5 GPa. To adjust the pretension value and estimate the dynamic tension in the cables, fiber optic sensors are used, where the data from an optical sensor interrogator, built in-house, is logged and analyzed in LABVIEW. Considering the stress-strain relation for plastic strings, this data are converted into force and used to calculate the tension in the cables.
Evaluation of the Design and Set Point Tracking.
In this section, we evaluate the performance of the system. First, the step response of the system is examined. To simplify the interpretation of the plots in this section, the step responses shown here refer to the cases, where the lower level of the platform is kept motionless and the orientation of the catheter is varied by actuating the upper carrier's linear DOF. In this experiment, an extra masses of 1 kg is added on top of the catheter to account for the equipments/tools that will be installed on top of the end effector. By adding residual masses on top of the catheter, the system nonlinearities become more obvious. In fact, the transient response of the platform changes according to the angle that catheter makes with the vertical axis. Due to this nonlinear behavior, we found that it is not feasible to have a single set of PID control gains that can guarantee the desired performance over all the operating conditions, as well as all the desired set points. The results of this case study suggest that in order to obtain the desired performance over a range of set points and operating conditions, different sets of PID gains should be tuned. To this aim, the distance of the holder from the origin is segmented into six regions and a look up table is developed to schedule the PID gains associated with each segment. Shown in Fig. 7 is the system response using a PID controller with variable gains.
Trajectory
Tracking. In order to evaluate the effectiveness of the system in providing the task space required for aortic Transactions of the ASME valve implantation in beating-heart interventions, the performance of the controlled system to track reference trajectories is examined here. In a typical motion control problem, two reference inputs for the steering point and apex are given, from which the corresponding trajectories for each joint is determined uniquely by means of inverse kinematics. Next, by actuating the joints, the end effector is steered so that the desired motion is generated. In the first test, we directly use the motor encoders to measure the joints coordinations. Figure 8 demonstrates the reference and actual task space traveled by the robot in an arbitrary mission. It is noted that in this experiment, the left and right actuation systems are placed about 1 m away from the robot to demonstrate the ability of the system to operate with long cables. The maximum tracking error is computed to be 1.7 mm in the apex path and 1.8 mm in the steering path. While in this experiment we measure the encoder signals as the feedback signal, in the second test we use the image data to mimic the use of MR imaging in a real intervention. To this aim, a red spot is attached on top of the end effector and a camera is installed over the test bed. To minimize the image noise, the background of the robot is covered with white sheet. The online image processing algorithm identifies the colored point in the scene and sends that data as the feedback signal. Since the camera frame per second is low (15 fps), a low speed test is executed. Unlike the first test, we assume that reference trajectory corresponds to the tip of the end effector. Additionally, in order to have a unique motion, we fix the lower level at the origin. The result of this experiment is shown in Fig. 9 , where a sector is traveled. The maximum error in this mission is computed to be 1.5 mm.
Tension Adjustment.
One of the parameters that influences the performance of the cable-driven robotic systems is the value of pretension in the cables. The selection of this parameter affects the system response, as well as the control effort, and hence it should be carefully adjusted to ensure an optimized performance. To test the designed mechanism, we performed additional experiments, where fiber optic sensors were attached to the cables as discussed earlier to measure the tension. Figure 10 (top) shows the variation in the cable tension while set point tracking is being sought as in Fig. 10 (bottom) . During the actuation period, the tension increases in the portion of the cable that is pulled and reduces in the opposite side of the cable. Since no portion of the cables should be left with zero tension, our first conclusion about pretension adjustment is that it should be set such that the dynamic tension never drops to zero. In other words, the profile shown in Fig. 10 (top) should never cross zero. While this constraint leads to a lower bound on the pretension value, an upper bound can be determined by analyzing the response for pretension values, above which undesired effects are observed. Figure 10 (bottom) illustrates the transient response of the platform under different tension adjustments. Exceeding the upper bound tension leads to a longer settling time and also increases the steady-state error. Therefore, the initial tension should be set to a value between the two bounds such that the requirements discussed above are met. We set the pretension to 0.8 N.
Conclusion and Future Work
Medical interventions under beating-heart condition through a trans-apical approach offer several advantages including the patient's faster recovery compared to the traditional procedures. However, several issues including the dynamically moving workspace need to be carefully addressed to achieve the desired outcomes. In this paper, we propose the design of a robotic platform that could fit the requirements of those sophisticated and minimally-invasive interventions. Being equipped with MRI as the imaging modality, ROBOCATHETER is capable of positioning and orienting the cardiac catheter to avoid collision between the interventional tool and the internal organs under beating-heart condition. Operational needs such as MRI-compatibility, chest relative motion compensation, accuracy, and compactness are addressed in the design of the platform. The experiments collectively illustrate the effectiveness of a variable-gain PID controller in canceling out the coupling and providing reference input tracking. The effectiveness of the proposed design in spanning the task space needed for aortic valve implantation in beating-heart interventions is successfully confirmed through a trajectory tracking experiment.
